In the present study, Mg 2 Ni intermetallic powders were prepared by mechanical alloying from elemental magnesium and nickel under an Ar atmosphere with or without water cooling treatments. Two different cooling temperature ranges were used to modify the hydrogen absorption properties of the intermetallic Mg 2 Ni. The powders milled with or without water cooling were examined as a function of milling time by X-ray diffractometry. Then the hydrogen absorption performance of the 15 h as-milled powders were evaluated. The experimental results show that all the as-milled Mg 2 Ni powders exhibited a mixture of Mg 2 Ni, magnesium and nickel solid solutions. The maximum hydrogen absorption content of 15 h as-milled Mg 2 Ni powders was increased from 3.14 mass% to 3.83 mass% by cooling treatment in a temperature range of 264-267 K. The reversible hydrogenation content was also increased from 2.40 mass% to 3.03 mass% in the same cooling temperature range. More than 20% improvement of hydrogen absorption for Mg 2 Ni intermetallic powders was achieved by water cooling treatment.
Introduction
With increasing the pollution and the requirement of energy sources, researches and developments on high power density and clean energy technologies have been strongly promoted. Hydrogen presents one of the most promising energy sources and even replaces our conventional petroleum as a new energy carrier. Considerable effort has been devoted to the hydrogen storage technologies based on the energy and environmental point of view. Hydrogen storage by metal hydrides has attracted numerous R&D interests due to their relatively lighter weight, higher hydrogen absorption capacity, and economic cost. Metal-hydrogen systems can be classified into several groups, such as AB, AB 2 , A 2 B, and AB 5 . 1) Among these, A 2 B type Mg 2 Ni intermetallic possessing high hydrogen absorption capacity up to 3.6 mass% is considered to be a promising candidate for the applications of hydrogen storage. In recent years, mechanical alloying (MA) process has been used successfully to prepare metal hydrides. [2] [3] [4] During mechanical grounding, not only the grain size can be reduced but the introduced defect concentration and fresh surfaces can be increased. The hydrogen absorption properties of the milled materials can thus be improved. 5, 6) By modifying the milling behavior, reducing the milling temperature generating lattice strains is also a conceivable methodology to improve the hydrogen storage properties.
2,7)
The temperature of milling shows one of the important factors in deciding the constitution and/or microstructure of the milling powder. Since solid state diffusion processes are involved in the formation of the milling alloy, the milling temperature is believed to be a significant effect in any milled alloy systems.
2) However, there are only a few investigations reported where the milling temperature has been varied during MA. In the present study, MA technique was used to prepare Mg 2 Ni alloy powders. We intentionally adjusted the milling behavior by applying the cooling cycles to the milling container, attempting to improve the hydrogen absorption properties of Mg 2 Ni. The hydrogen absorption properties of the milled Mg 2 Ni powders were thus evaluated with or without the treatments of cooling cycles. The effects of cooling conditions on the structural evolutions of as-milled powders during MA were also investigated.
Experimental
Pure elemental powders of magnesium (99.8 mass%, <50 mesh), nickel (99.98 mass%, <300 mesh), and silver (99.9 mass%, 1-3 mm) were mixed to yield the desired composition, Mg 2 Ni, and then loaded into an SKH 9 high speed steel tank (40 mm in diameter and 50 mm in height) together with chromium steel balls (7 mm in diameter with ball-to-powder ratio = 5 : 1) under an argon-filled glove box, where a SPEX 8000D shaker ball mill was used for mechanical alloying. The water cooling treatments was carried out by applying cooling water cycles to the milling tanks during mechanical alloying. The cycle cooling system was performed using a water cooling machine (Model CC-2000, Panchum, Taiwan) in two different temperature ranges of 279-282 K and 264-267 K. The overall MA process lasted 15 hours and were interrupted every 15 minutes for the first hour and every 30 minutes thereafter. Each interrupted interval was followed by an equal length of time (15 min) to cool down the tank. An appropriate amount of the as-milled powders was extracted in an argon-filled glove box to examine the progress of processing.
The structural evolution during milling was examined by using X-ray diffractometry. The X-ray analysis was performed using a Philips X'pert PW3040 diffractometer with a Cu-K radiation. A relatively slow scanning rate (0.05 2/s) in the range from 30 to 50 also was used to determine the lattice parameters of the 15 h as-milled powders. A dilute silicon slurry was coated on the surface of the milled powders. The silicon powder was used as an internal standard for accurate determination of the diffraction angles which can be used to find the d values by Bragg's law. Subsequently, the values of a and c were calculated from the equations of hexagonal plane spacing.
8) The hydrogen absorption properties of 15 h as-milled Mg 2 Ni powders were evaluated by pressure-composition-temperature (P-C-T) measurements, differential scanning calorimetry, and thermogravimetric analysis (SDT2960 Simultaneous DSC-TGA, TA Instrument). The P-C-T measurements were performed at 623 K, while DSC/TGA measurements were performed under an Ar atmosphere at a heating rate of 5 K/min.
Results and Discussion

Structural characterization
Figure 1(a) shows the X-ray diffraction patterns of the asmilled Mg 2 Ni powders with water cooling in a temperature range of 279-282 K as a function of milling times. The diffraction peak intensities of magnesium and nickel were observed to decrease gradually with increasing the milling time at the early stage of milling. It can be noticed that the decreases in diffraction peaks of magnesium and nickel were observed to be significant due to their amorphization with the increase of milling time. Moreover, though not shown here, Lin and his co-workers using the same process have demonstrated that the formation of Mg 2 Ni phase occurred after 5 h of milling without cooling cycles at room temperature.
9) However, formation of Mg 2 Ni phase with magnesium and nickel solid solutions can be noticed in Fig. 1 (a) after 10 h of milling with water cooling treatment. By treating the milling process further the diffraction peaks of Mg 2 Ni tended to be broadened due to the decrease in crystallite size with prolonging the milling time. 10) Grain size reduction and/or residual strain arose from the MA treatment induced observable peak broadening in XRD data. Figure 1(b) shows the XRD patterns of the as-milled Mg 2 Ni powder mixtures with the treatments of cooling cycles in a temperature range of 264-267 K as a function of milling time. No significant changes in XRD data can be found between the Mg 2 Ni powders treated by different cooling temperature ranges. By applying the cooling treatments, the formation of Mg 2 Ni can be delayed from 5 to 10 h of processing time, indicating that the solid-state interdiffusion in magnesium-nickel alloy tends to be inhibited at lower temperature. The milling process of the powder mixtures exhibited to be a structural refinement of crystallites at the early stage of milling.
In order to further discuss the influence of cooling conditions, the XRD patterns of the as-milled powders after same processing time (5 h and 15 h) were plotted in Fig. 2 . It can be noticed from the figures that the treatments of cooling cycles influenced the structural evolution during MA. Figure 3 shows the TEM micrograph of the as-milled Mg 2 Ni powder. It can be noticed that the product powder exhibit irregular shapes with nanosize diameters. The insert in this figure shows the diffraction pattern of the as-milled Mg 2 Ni powder. It confirms that the powder was a mixture of nanocrystalline Mg 2 Ni with a small amount of amorphous phase, and some crystalline nickel and magnesium. The results indicate that MA process can cause a partial amorphization for Mg 2 Ni powder and show good agreement with the results of XRD analysis. Some residual crystalline phases for nickel and magnesium can be observed in the asmilled powder.
The hydrogen absorption measurements of Mg 2 Ni 15 hmilled powders were performed at 623 K. Figure 4 shows the hydrogen absorption kinetic curves of 15 h as-milled Mg 2 Ni powders with and without the treatments of water cooling. It can be noted that the hydrogen absorption behavior of Mg 2 Ni revealed a strong dependence on the cooling condition. A significant improvement of hydrogen absorption capacity can be observed by applying cooling cycles in MA process. The maximum hydrogen absorption content increased when cooling temperature was decreased. The Mg 2 Ni powder mechanically milled with 264-267 K cooling cycles exhibited the highest value of maximum hydrogen absorption content. Moreover, it can be noticed that the slope of the curves before the saturation achieved revealed significant increase, implying that the hydrogen absorption rate of Mg 2 Ni powders was also enhanced by applying cooling cycles in MA process. As shown in this figure, intermetallic Mg 2 Ni powders milled in the cooling temperature range of 264-267 K exhibited the highest hydrogenation rate. From the experimental data, the hydrogen absorption content of the Mg 2 Ni powders milled without cooling treatment to its 80% (2:5 mass%) of the fully saturated capacity (3:1 mass%) can be accomplished within 15 min. Whereas, by applying the cooling cycles in the temperature range of 264-267 K, it can be accomplished within 12 min. Such the method comparing the hydrogenation rates has been used in the investigation of Aoyagi and his co-workers.
11) Additionally, the saturated value of the Mg 2 Ni powder milled without cooling treatment is comparable to the value (3.4 mass%) reported by Zaluski et al. 12) who also used MA technique to prepare nanocrystalline Mg 2 Ni powders. The differences in the values of hydrogen absorption may attribute to the MA processing and/or testing parameters. Figure 5 shows the P-C-T measurements for 15 h as-milled Mg 2 Ni powders with and without the treatments of cooling cycles. The absorbed hydrogen content and reversible hydrogen content of Mg 2 Ni powder milled without water cooling were 3.14 and 2.40 mass%, respectively. The hydrogen absorption properties can be improved significantly by applying the cooling cycles. The hydrogen contents of Mg 2 Ni powders reached 3.53 and 3.83 by applying cooling cycles in the temperature ranges of 279-282 K and 264-267 K, respectively. Meanwhile, the reversible hydrogen contents also increased (from 2.40 mass% for Mg 2 Ni) to 2.73, and 3.03 mass%, respectively. A similar trend can be observed comparing to those of Fig. 4 , the maximum hydrogen absorption content of Mg 2 Ni powder milled in the temperature range of 264-267 K attained its highest value in P-C-T measurements. The maximum hydrogen absorption content of Mg 2 Ni powder increased when the temperature of cooling cycles was decreased. To reveal the lattice parameters and grain sizes of Mg 2 Ni powders, the XRD data from low scanning rate were further calculated and analyzed. Table 1 summaries the lattice parameters, c=a ratios and grain sizes of Mg 2 Ni powders milled with and without the treatments of water cooling. It can be noted that the c=a ratio of the initial Mg 2 Ni powders was 2.517 and increased to 2.547 and 2.565 with the milling temperatures in 264-267 K and 279-282 K, respectively. The c=a ratio of Mg 2 Ni powders increased with the decrease of the cooling temperature, showing that higher strain of the lattice structure was induced by cooling at low temperatures during MA. The milling behavior of the Mg 2 Ni intermetallics thus revealed to be influenced by the low milling temperatures. Furthermore, it can be noted in Fig. 5 that the slope within the plateau region approached zero. This slope is related to the energy for hydrogen atom diffusion into the interstitial sites within the Mg 2 Ni lattices. 13) Such the flat slope within the plateau region for the milled Mg 2 Ni powders indicated that hydrogen atom can diffuse into the intermetallic powders without overpowering a large energy barrier. With increasing the c=a ratio, the interstitial sites of Mg 2 Ni lattices tend to be expanded, resulting in the improvement of the hydrogen absorption capacity.
Cooling temperatures also influenced the grain sizes of the Mg 2 Ni powders during MA. As shown in Table 1 , the grain size of the as-milled Mg 2 Ni powder decreased with the decrease of the cooling temperature due to the change of the milling behavior during MA. Because the grain sizes obtained within nanocrystalline materials by milling process are due to a balance between defect creation and defect recovery, lower temperature may decrease the rate of recovery to cause the dislocation pileups during milling.
7)
The grain size calculated from the XRD data by Scherrer formula thus decreased significantly from 13.3 nm to 3.8 nm, resulting in the increase of the surface area of grain boundary. Since the grain boundaries provide faster paths for diffusion within bulk materials, the nanocrystalline microstructures of the intermetallics are expected to accelerate phase reactions as well as preferred nucleation sites. The decrease of the crystallite size thus enhances the hydrogen absorption kinetics. 14, 15) Though MA process commonly induces high lattice strains, the hydriding at a temperature over 573 K can eliminate the induced strains. Figure 6 shows the X-ray diffraction patterns of hydrided and dehydrided Mg 2 Ni powders which were milled with and without cooling cycles. The cooling cycles were performed in a temperature range of 264-267 K for 15 h. In both the figures, the peaks of Mg 2 Ni phase after dehydriding were found to be narrower and sharper, suggesting that the crystallinities of Mg 2 Ni powders were enhanced after the hydriding/dehydriding reactions. Meanwhile, the grain growth of the Mg 2 Ni powders also became more significant. This annealing-like effect during hydriding/dehydriding process may lead the lattice structure of the Mg 2 Ni to be a more uniform atomic arrangement. Furthermore, it can be noticed that the residual phases of metallic magnesium and nickel occurred in the hydrided Mg 2 Ni powder which milled with the treatment of cooling cycles. It may result from the low magnesium-nickel interdiffusion rate in alloy powder during MA. Subsequently, the solid state interdiffusion rate in magnesium-nickel alloy was accelerated at 623 K during dehydriding process. Well crystallized Mg 2 Ni phase without magnesium and nickel residuals was thus obtained after the dehydriding process. The dehydriding reaction of Mg 2 Ni alloy is also crucial to the practical applications of hydrogen storage. It has been reported that Mg 2 Ni intermetallics dehydride commonly at a temperature ranged from 523 to 573 K. [17] [18] [19] The dehydriding behavior was examined by the thermal analysis where the hydrided Mg 2 Ni powders were heated from room temperature to 623 K at a heating rate of 5 K/min under Ar gas flow. Figure 7 shows the TGA curves of Mg 2 Ni powders milled with and without the treatment of cooling cycles during dehydriding. It can be noticed that the 15 h as-milled Mg 2 Ni powder exhibited a dehydriding temperature at 488 K. For nanocrystalline materials obtained from mechanical alloying, hydrogen atoms may occupy the interstitial sites in crystallites and the intergranular regions during the hydriding process. 20) This suggests that unstable and/or nanocrystalline structure of hydrided Mg 2 Ni alloy prepared by high-energy mechanical milling exhibits lower dehydriding temperature. While the Mg 2 Ni powder milled with the treatment of cooling cycles revealed a dehydriding temperature at 478 K. It may result from the relatively high strain energies introduced by low milling temperature in nanocrystalline Mg 2 Ni powder during MA. After hydriding, this unstable structure tended to dehydride at a lower temperature. 19) Moreover, higher c=a ratios and small crystallite sizes of the water cooled intermetallics possessing larger volume of the interstitial sites for hydrogen may also showed the ease of hydriding/dehydriding reactions, contributing to the decrease in dehydriding temperatures.
Conclusions
Hydrogen absorption Mg 2 Ni alloy powders were synthesized successfully with or without the treatment of cooling cycles by mechanical alloying. All the 15 h-milled Mg 2 Ni powders exhibited a mixture of Mg 2 Ni, magnesium, and nickel solid solutions. By applying the cooling treatments during MA, lower solid state interdiffusion rate in magnesium-nickel alloy and highly introduced strain energies result in smaller crystallite sizes and higher c=a ratios. The maximum hydrogen content of 15 h-milled Mg 2 Ni powders was increased from 3.14 to 3.83 mass% by applying cooling cycles in the temperature range of 264-267 K. While the reversible hydrogen content was also increased from 2.40 to 3.03 mass% by the same cooling treatment. In the present study, Mg 2 Ni powder milled with cooling treatments exhibits the better hydrogen absorption properties and the lower dehydriding temperature of 478 K. 
